Sedimentation and nutrient loading are among the most prevalent threats to fluvial ecosystem integrity. This study employed artificial streams (mesocosms) to simulate individual and combined impacts of nutrient enrichment and deposited fine sediment on benthic biota. Ninety-six circular mesocosms were used in a 21-day crossed experiment that measured the impact of three substrate compositions (0, 25, and 50% fines <2 mm) and four nitrogen concentrations (17, 22, 43, and 94 μg L -1 (soluble inorganic nitrogen)) on periphyton and benthic macroinvertebrate assemblages. Permutational multivariate analysis of variance (PERMANOVA) of macroinvertebrate assemblages indicated substantial shifts in structural composition, while univariate models for Lepidostomatidae and total Ephemeroptera, Plecoptera and Trichoptera revealed that nutrient and sediment subsidies related to single factors were suppressed by an additional stressor. Stressor mechanism overlap was evident at higher treatment levels, as moderate nutrient enrichment increased nutritional resources but high nitrogen concentrations lead to substrate smothering by periphyton, contributing to habitat degradation originating from inorganic sedimentation. Our study is consistent with research showing that nutrient loading and sedimentation interact to deteriorate lotic systems beyond levels attributable to either individual stressor. Management practices and pollution standards need to incorporate relationships between stressors tightly co-vary in natural settings.
INTRODUCTION
Anthropogenic inputs are considered stressors when they exceed naturally occurring in-stream variance (Wagenhoff et al. ) . Furthermore, 'multiple-stressor effect' refers to any case where several stressors are both present and active (Townsend et al. ) . Previous investigation of the relationship between nutrients and sediment in multiple-stressor contexts has raised concern about stressor interactions, suggesting that ecological consequences not predictable from knowledge of single-stressor effects alone can occur (Lemly ; Townsend et al. ; Wagenhoff et al. ) .
However, in a three-way manipulative experiment including nutrients, fine sediment and flow velocity, it was found that single-stressor effects could predict multiple-stressor responses mainly because statistical interactions between stressors were rare (Elbrecht et al. ) .
Anthropogenic increases in nutrient availability in streams and rivers can trigger rapid proliferation of algae, which would otherwise be limited by phosphorus and/or nitrogen (Biggs ; Dodds ). Densities of pollutionsensitive taxa such as Ephemeroptera, Plecoptera and Trichoptera (EPT) tend to decrease with nutrient enrichment, often across relatively short ranges in nutrient concentration (Chambers et al. ) . However, many studies have shown that over broad nutrient gradients, subsidy-stress responses are common for many invertebrate taxa, including several Our primary objective was to assess the individual and combined impacts of nutrients and sediments on benthic biota. This was accomplished by examining the response of benthic algae, benthic macroinvertebrates, and emergent adult insects to the simultaneous manipulation of nutrient (soluble inorganic nitrogen (SIN)) concentration (four levels) and fine sediment (three levels) in replicate artificial streams, hereafter referred to as mesocosms. The ranges of nutrient and sediment levels used in this study come from field surveys of streams in agricultural regions across Canada (Benoy et al. ; Chambers et al. ) .
Many multiple stressor studies define stressor relationships according to a null model of additivity, where combined effects less than or greater than the sum of the individual effects (i.e. analysis of variance (ANOVA) interactions) are considered antagonisms or synergisms (e.g. Townsend et al. ; Matthaei et al. ) . Synergism and antagonism can also be defined based on a multiplicative model, which tests against the null hypothesis that stressors in combination elicit an effect equivalent to the product of the individual effects (Folt et al. ) . Within ecology, a universal framework by which to describe stressor relationships does not yet exist (Piggott et al. ) . In this study, we formed our central hypothesis around the comparative effects model proposed by Folt et al. () , which tests against the null hypothesis that stressors in concert will elicit an effect comparable to that of the single worst stressor. We addressed the following question:
are the combined effects of these stressors stronger than that of either individual stressor? To answer this question, we tested two main hypotheses sequentially. First, we used permutational multivariate analysis of variance (PERMA-NOVA) to determine whether nutrients and deposited sediment were both influential to benthic invertebrate assemblage composition. Then we tested whether final abundances (i.e. survivorship) of pollution-sensitive taxa were lower in mesocosms treated with both stressors than in those given comparable doses of either single factor.
MATERIALS AND METHODS

Experimental design
The 21-day experiment was carried out from July 20 to (mean ¼ 0.8%), and material was sourced from a low nutrient river, it was assumed that the nutrient content of the fines is negligible. Material was set in place and well water circulation through the mesocosm system was initiated 5 days prior to the beginning of the experiment to facilitate algal colonization. Within the temperature ranges of our mesocosms, 5 days is an adequate time to expect at least one cell division in most benthic algae (Bothwell ) . (Table 1) .
Biological response variables
Periphyton biomass was approximated based on chlorophyll-a concentration from three combined 9.3 cm Bio-Limno also provided biomass estimates for each taxon by measuring length and breadth of each, which was used were delivered to whole tables ('plots'), and sediment treatments were replicated within tables. Nutrient, sediment, and their interaction were analyzed as fixed factors and all other factors were considered random. Typical linear models for split-plot designs include an interaction between the sub-plot factor (sediment in this case) and plot as follows:
To increase the probability of detecting fixed effects on macroinvertebrate assemblages, the Sed × 
The reduced model (Equation (2)) was also used for all periphyton analyses (except chlorophyll-a) because periphyton was only sampled from one stream per sediment treatment within each table; thus the Sed × Table(Nut) effect could not be adequately measured. Furthermore, the effects of substrate composition on algae were not characterized because periphyton was sampled from the top of the cobbles.
To test the significance of nutrient and sediment treatments on macroinvertebrate and algae assemblage structure, we conducted PERMANOVA using the For adult insects, densities, sex ratios, and total body length of abundant families were analyzed using the ANOVA procedure described previously. Sex ratios were analyzed by family as a continuous response variable approximated by dividing the number of males þ 1 by females þ 1. Because mayflies exhibit strong sexual dimorphism, body length was analyzed for each sex independently.
RESULTS
Periphytic algae
Chlorophyll-a concentrations of periphyton showed a strong positive response to nutrient enrichment (Figure 2 ) with no significant response to fine sediment addition ( Table 2) .
PERMANOVA of algal densities confirmed that nutrient enrichment was also influential to the overall structure of the periphyton community while sediment was not ( Trace amounts of other algal groups, including cyanobacteria, Chrysophyceae, and Euglenophyceae, were present in several mesocosms but followed no discernible pattern related to nutrient or sediment conditions. Motile taxa represented roughly 10-15% of diatoms and did not vary significantly across experimental treatments (p ¼ 0.152).
Benthic invertebrate assemblages
Within-group multivariate dispersion of benthic invertebrate assemblages was consistent across levels of nutrient enrichment and sediment treatments, although dispersion varied significantly among tables (i.e. plots) ( Table 3 ). Since the assumption of homogeneity of dispersion was satisfied for the fixed factors, the same matrix was used for PERMA-NOVA examining the influence of experimental treatments on benthic assemblages.
The initial PERMANOVA run using the full linear model (Equation (1) 
Overall, compositional differences between sediment levels were more common than with nutrient enrichment.
Assemblages in the medium sediment treatment (25% fines) showed greatest distinction from other substrate conditions, with particularly strong contrast between 0 and 25% fines at medium (43 μg L -1 (SIN)) nutrient enrichment
Univariate taxonomic responses
Given the overall significance of the PERMANOVA tests, univariate responses of taxa present in at least 50% of samples were tested (Table 5 ). Of the 12 insect families and two classes of worms examined, five taxa responded to an interaction between nutrient enrichment and fine sediment addition. In each case, the interaction of nutrient and sediment was significant, so multiple comparisons of the simple main effects were examined.
Total invertebrate richness and EPT richness did not significantly vary in response to nutrient enrichment
In treatments without fine sediment addition, densities of Caddisflies of the family Lepidostomatidae generally responded positively to nutrient enrichment and fine sediment addition; although densities were lower in streams with high concentrations of both stressors (Figure 4(c) ).
The effects of experimental treatments on total EPT density were largely related to trends in Lepidostomatidae -the most abundant family of EPT in our mesocosms. EPT responded positively to nutrient enrichment and (intermediate) sediments as independent drivers; however these effects were lost or reversed with the addition of a second stressor (Figure 4(d) ). Significant treatment effects indicated by bold font. Significant multivariate distances differentiated with non-parametric t-tests represented by bold font and asterisks.
*p < 0.1, **p < 0.01, ***p < 0.001.
Adult insect emergence
Chironomidae represented 87% of all emergents, while six families of Ephemeroptera accounted for 13% of captured adults. Twenty-two Trichoptera (from seven families) and nine Plecoptera (all Perlidae) also emerged. Corresponding to between-table variance in benthic assemblages, emergence of most insects varied substantially across tables, a result that likely masked some effects of nutrient enrichment and sediment (see Methods section). Nonetheless, densities of Chironomidae were found to follow a marginally-significant (Chi 2 (2) ¼ 5.166, p ¼ 0.082) unimodal pattern over the sediment gradient; with highest emergence at 25% fines (Table 6 ). Adult mayflies of the family Leptophlebiidae increased slightly with 25% fine sediment addition 
DISCUSSION
This mesocosm experiment showed that nutrient enrichment and sedimentation in combination resulted in a nonadditive shift in macroinvertebrate assemblage composition.
This supports our first hypothesis that both stressors were influential to final assemblage composition. The significant interaction term also suggests that prediction of multiple stressor impacts on invertebrate assemblages requires the responses to nutrients and fine sediment in a mesocosm experiment similar to ours, except that their system allowed for some drift and recruitment, and sediment was added following an initial seeding of streams with invertebrates.
In contrast to our experiment, invertebrates were directly exposed to suspended material. A strong negative response (in EPT for example) to sediment deposition was observed, which they attributed to drift. Therefore, we propose that local declines in invertebrate populations following sedimentation may be driven primarily by the initial process of particle suspension (turbidity) and deposition, rather than the change in habitat.
CONCLUSIONS
Our research suggests that at higher nutrient concentrations, stressor mechanism overlap occurs, as primary production contributes to the effect of deposited sediment by infilling and smothering hyporheic habitat. Gayraud & Philippe 
